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Abstract 
Based on the operation conditions of the iron making blast furnace of 580 m3 in the industrial base of MCC Company, a three-
dimensional mathematical model for analyzing combustion behavior of gas, pulverized coal and coke bed in the tuyere-raceway-
dripping zone of blast furnace has been developed in the present research. The gas was modeled with steady-state turbulent 
Navier-Stokes equations; the pulverized coal particles were modeled by using a DPM (discrete particle model) approach and 
coke bed was treated simply as porous media. Two cases, the normal PCI case and the intensified PCI case, were then analyzed 
and compared. The simulation results indicate that, compared to the normal PCI case, the intensified PCI case has the advantage 
of an increase of 0.1 volume fraction of CO in the gas and moreover some 60 kg-coke/tHM could be saved. The negative effects 
of the proposed intensified PCI mode mainly include the drop of combustion temperature and the shrinkage of raceway. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Pulverized coal injection (PCI) is a recognized method of controlling costs in blast furnace (BF) iron making. 
Many BFs are equipped with PCI systems. The blast furnace is a complex reactor, so  replacement  of coke  with  
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Nomenclature 
A area, m2   
Cd          drag coefficient 
Cp heat capacity, J/(kgK) 
d diameter, m 
H total enthalpy, J/kg 
ΔH         reaction enthalpy, kJ/mol, kJ/kg 
h heat transfer coefficient, W/(mK) 
k reaction rate constant, m/s; turbulent kinetic energy, J/kg 
M molar weight, kg/mol 
m mass, kg 
Δm         produced or consumed mass rate, kg 
np number of particles  passing  the cell 
P pressure, Pa 
Pr Prantdl number,  dimensionless 
Nu Nusselt number, dimensionless 
Q heat effect of a particle, J/s 
r chemical reaction rate, kmol/ (m3s ), kg/s, kg/(m3s ) 
Re  Renold number, dimensionless   
S source, units vary 
Sc Schemit number, dimensionless 
Sh           Sherwood number, dimensionless  
T  temperature, K 
t             time, s 
u  x-direction velocity component, m/s 
v y-direction velocity component, m/s 
w z-direction velocity component, m/s 
y             mass fraction of gas species 
 
Vector  JJK
F  force vector JK
U  velocity vector 
 
Greek letters  
) dependent variables 
* diffusion coefficient of variable ) 
D            volume fraction 
O thermal conductivity, W/(mK) 
ε             turbulent dissipation rate, m2/s3 
εp            particle emissivity 
σB          Stefan-Boltzmann constant, 5.67e-8(W/(m2 k4)) P fluid viscosity,  kg/(sm)  
U density, kg/m3 
 
Subscripts  
i assigned chemical reaction  
g gas phase variable   
p particle phase variable 
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pulverized coal (PC) is not only simply increasing the injection rate but many other important factors must be 
considered.  With the increase of PCI rate, many unburned PC particles may be produced in the BF and this could 
have negative effects on BF operation including reducing gas permeability in the burden layer or causing an obvious 
drop of combustion temperature in the raceway. Therefore, understanding PC combustion behavior in the BF is of 
fundamental importance to BF engineers for operating BF. 
    Coke and coal combustion in the lower part of BF are influenced by many factors and very difficult to investigate 
experimentally.[1] Several mathematical models have been reported on coke and coal combustion behavior. Takeda 
[2] developed a 2-dementional model to describe PC and coke combustion in the raceway, however its results were 
far different from the real situation as many conditions as nozzle position and shape of raceway were ignore in the 
model; Zou[3] and Zhang[4] developed their own respective 3-demensional models, and the simulation region only 
included the tuyere and the raceway in their models; a 3-dimensional model developed by Shen[5] could describe PC 
and coke behavior in the lower part of BF, but one of its shortages is that the raceway shape is predefined but is not 
changed with PCI rate. In general, mathematical model on PC and coke combustion in BF needs some improvement. 
University of USTB and MCC Company are now jointly conducting research on high PCI rate for BF iron making. 
PCI rate high as 300kg/tHM is envisaged on a BF in the MCC industrial base. Under such a high PCI rate, behaviors 
of all phases in the BF must be quite different from under the normal operation conditions. The present research has 
developed a three dimensional mathematical model for coal/coke combustion in the lower part of BF based on the 
models mentioned above and moreover, variation of raceway shape with PCI rate has been considered. Thereafter 
major differences between the normal PCI operation and the proposed intensified PCI operation were investigated 
and compared. The results could a theoretical reference for industrial practices on high PCI rate. 
2. Model development 
2.1. Physical model 
    The model geometry is based on a blast furnace in the industrial base of MCC Company. The blast furnace is with 
an output of 1775tHM/day; its volume is 580m3 and there are 16 tuyeres installed on its lower sidewall. A sectoral 
segment with 1/16 of the circular angle at the waist and bosh zone was selected as the modeling domain. The basic 
dimensions of the BF and the presently investigated zone are shown in Fig. 1.  
 
Fig.1. Basic dimensions of the BF and the modelling zone (unit: mm). 
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2.2. Governing equations 
  Three phases including gas, PC and coke bed are considered in the model. The gas phase is described by a set of 
3D, steady-state Navier-Stokes equations closed by the standard k-epsilon turbulence model. The general equation 
for the gas phase is Eq. (1) and its detailed variables are listed in Table 1. It must be noted that superficial velocity 
was adopted in modeling gas flow. PC phase is modeled using the Lagrangian method. PC particles are tracked 
along discrete particle trajectories without considering interaction between coal particles as it is a dilute phase in the 
modeling zone; Newton’s second law is used to calculate their movements, in which gas drag force and turbulence 
dispersion are considered. The change of particle temperature is determined by three heat transfer modes: convective 
heat transfer, latent heat transfer associated with mass transfer, and radiative heat transfer. The coke bed is treated 
simply as porous medium. Average size of the coke particle is 30 mm and it’s assumed that local temperature in the 
coke bed is 0.9 times that of gas. The coke bed is divided into three parts as deadman zone, dripping zone and near-
wall zone with their porosity being 0.10, 0.30 and 0.50 respectively. The raceway zone is determined by simulation 
and its porosity is 1.0.  
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Table  2.  Equations for the PC particles phase. 
 Equation 
Mass 1 C
2,4
P
i
i
dm r M r
dt  
   ¦  
Momentum 
P 0.687
D D P PP P g D P P
g
1, ( ) = max( 24(1 0.15Re ) / Re ,  0.44)
8
g g
D
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4 4P
P P P g P P P B g P
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Nu( ) ( )-g i i
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dTm C A T T A T T H r
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O H V
 
    ' ¦  
   
There are many chemical reactions involved in the modelling region. For simplicity, PC combustion, coke 
combustion and gaseous combustion are considered while reactions involved hot metal not, which is suggested by 
Shen[5]. Chemical reactions involved in simulation are listed in Table 3. Heat effects of all reactions are obtained 
through HSC thermodynamic database. 
2.3. Numerical strategy 
   The governing equations in Tables (1 and 2) are solved using the commercial CFD software FLUENT(V6.3.26). 
A residual value of 10e-5 is used as the convergence criterion for mass-momentum equations in all simulations. 
DPM is used to track the coal particles which interact with the continuous gas phase flow. Unstructured tetrahedral 
finite volume mesh was generated and is shown in Fig. 2.  The number of grid is 23471 with 3.38e-5 m3 of the max 
grid volume. Heat loss on BF wall is not considered. The operation pressure is 3.0e5pa. 
 
 
Fig. 2. Grid and porosity placement on the computation domain.  
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Table 3. Chemical reactions involved in the model. 
 Reaction Reaction rate(units vary)  
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3. Results and discussion 
Two cases were studied and compared. One is real case for which the operation data was obtained from real 
operation, and the other is a proposed intensified PCI case.  The real case was also used for model validation. 
Operation conditions for the both cases are listed in Table 4. PC for the simulations has an average size of 0.040 mm 
and a chemical composition with 78.5% (ad) of fixed carbon, 10%(ad) of  ash,  10% (ad) of volatile and 1.5% of  
moisture. As the measurements of in-furnace thermal and chemical properties are very difficult, only the combustion 
temperature at the tuyere outlet is available for model validating. The measured gas temperature in the raceway is 
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2300K and the temperature predicted using the model is 2200K.  The model validity could then be confirmed.  In 
the present research, a plane across the nozzle and the BF axis was selected for the following analyzing.  
Table 4. Simulation conditions. 
 Hot blast temperature(K) Oxygen supply (Nm3/s) Nitrogen supply (Nm3/s) PC supply( kg/s) 
Normal PCI case  
(Base case) 
1423  0.35  0.99   0.257  
Intensified PCI case 1473 0.39 0.79  0.405  
3.1. PC phase behavior  
For each case, trajectories of 144 typical PC particles were tracked and are displayed in Fig.3. By comparing 
particle flow patterns of the two cases, it could be seen that PC particles are more dispersed in coke bed in normal 
PCI case. Table 4 shows that hot blast supply rate in normal PCI case is large than in the intensified PCI case, thus 
drag force on coal particles is larger in normal PCI case. As for PC combustion behaviour, five typical coal particles 
for each case were analyzed.  Their Burnout ratio(BR) variation with flying distance are given in Fig.4.  in Fig. 4, 
lines (1 and 2) represent that particles fly through the near wall zone with the circulation of hot blast, their burnout 
ratio could reach 1.0 in a very short time; lines (3 and 4) represent that particles fly through the dripping zone , their 
BRs depend on many other conditions; line (5) represents that particles stick to the deadman zone,  the combustion 
stops quickly.  For each case, all the selected coal particles present the similar combustion behavior when they fly 
initially across the tuyere and the raceway. BR is 0.21 for the normal PCI case and 0.24 for the intensified PCI case. 
It then could be stated that in the initial stage, an increase of 0.03 of PC BR is obtained by applying intensified PCI.  
3.2. Gas  phase behavior 
Results on profiles of gas temperature, CO and CO2 are given in Fig. 5.  From Fig. 5(a), it could be seen that the 
max gas temperatures of both cases are very close. The difference is 100K and that of intensified PCI case is lower. 
Increasing oxygen ratio in hot blast and raising hot blast temperature could undoubtfully enhance PC combustion, 
however, as PCI rate increases, more heat is needed for heating the PC particles before their ignition and therefore 
combustion temperature may suffer a drop. Too much drop of combustion temperature is not favored as this could 
cause difficulties to hot metal and slag flowing. Nevertheless it’s acceptable in the present intensified case. Volume 
fraction profiles of CO2 and CO are given in Fig. 5(b and c). As the gas flow through the coke bed and the deadman, 
successive CO2 decrease and CO increase could be observed; however it could be seen that in the outlet of 
computation zone, CO2 volume fraction is some 0.08 in both cases. This is due to the computation zone does not 
cover the whole dripping zone; actually, the gas will still go upward penetrating the left coke bed and the cohesive 
zone and CO2 could be completely converted into CO there. For CO, its volume fraction is 0.33 in the outlet for the 
intensified case and 0.22 for the normal case, which indicates that intensified PCI mode could obtain an increase of 
0.1 for CO volume fraction in gas. Therefore, under the present intensified PCI pattern, CO volume fraction could 
reach 0.42 as the gas leaves the lower part of the BF, which means intensified PCI pattern could provide a higher 
gaseous reduction potential in the BF upper part.  
3.3. Coke bed behavior 
Raceway is defined on the basis of oxygen volume fraction and is restricted in the region where O2 volume 
fraction is >0.05.  Raceway shapes for the both cases are displayed in Fig 6. Fig 6.(a) shows that ,in the normal PCI 
case, raceways of two neighboured tuyeres are linked by hole; however, raceway of individual tuyere is well 
separated from the others in the intensified case. Comparing raceway shapes of the two cases indicates that 
increasing PCI rate could lead to shrinkage of the raceway volume. This could weaken hot blast recirculation 
intensity in the raceway and more gas will flow through the near wall zone. Local coke consumption rate is defined 
as the summation of reaction rates of Reactions(7-9) in Table 3. An investigation on coke consumption is show in 
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Fig.6(b). From Fig 6(b), under intensified case, generally, a decrease of some 0.0005 kg/(m3.s) for local coke 
consumption in the dripping zone is reached. It’s then estimated that some 60kg-coke /tHM could be saved by 
applying the intensified PCI pattern.  The decrease of coke consumption is contributed by two factors.  One is that 
that partial pressure of CO2 is lower in the intensified case, the other is more PC particles are dispersed in the coke 
bed and could react more actively with CO2 than the coke.  
 
 
Fig. 3. Comparison of PC flow behavior between the normal PCI case(I) and the  intensified PCI case(II). 
 
Fig. 4. Comparison of PC combustion behaviour between the normal PCI case (I) and the intensified PCI case (II) 
(1-5: identifiers of typical particles). 
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Fig.5. Comparison of gas behavior between the normal PCI case(I) and the  intensified PCI case(II):  
(a)gas temperature; (b) CO2 volume fraction profile; (c) CO volume fraction profile. 
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Fig.6. Comparison of coke bed behavior between the normal PCI case (I) and the intensified PCI case (II): 
 (a) raceway shape;(b) coke consumption rate.  
4. Conclusions 
The developed model could well reflect coal/coke combustion in the lower part of BF. By applying the proposed 
PCI mode, an increase 0.1 of CO volume fraction could be obtained in the gas produced in the lower part of BF; and 
moreover some 60 kg-coke/tHM could be saved. The negative effects of the proposed intensified PCI mode mainly 
include the drop of combustion temperature and the shrinkage of raceway. 
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